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Component and over-all performance chmacteristice of several 
turbojet engines investigated  at the U C A  L e w i ~  Laboratory during  the 
pas t  several years are s m m r i z e d  in  this report t o  indicate  the  effects 
of altitude on turbojet engine performace. D a t a  premmted herein were 
obtained OVBT a range of alt i tude  f l ight conditione in   the  a l t i tude wind 
tunnel and altitude chamber, asd a . 0  over a range of inlet  editions 
i n  coqressor component installations. 

A slmrmFlrization of data f o r  several engines s h m  that failure of 
turboJet engine performance t o  generalize for all altitudes isr primarily 
due t o  a decrease in  ompressor  efficiency and corrected a i r  flow w t t h  
reduced Reynol.dEl n'Lndber index and a reduction in canbustfon efficiency 
with  increased  altitude. Data a l s o  show that, although  engines of dif - 
f erent design may have equal tPlrust6 a t  s e a  level,  the thrust can diff 81) 

by &8 much as 26 percent a t  an altitu&e of 45,000 feet. These differ- 
ences, w h i c h  are introduced a~ a corrected engine speed effect, are 
primaxfly due t o  dffferencea i n  campremor a i r  flow and efficiency char- 
acteristics fram one engine t o  another. The additional  effects of 
ReynOEb nmber on the perf'ormance variations  with  altitude from one 
engine t o  another me of much ~maller rm+pitude than the corrected. engine 
speed effect. 

The effect of altitude on turbojet engine performance can be apprm- 
iznated by the application of correction  factors to the performance vwi-  
ables obtained at sea level. In the flame manner, data obtained at aev- 
e r a l  aititudes may be generalized or corrected t o  a reference  altitude, 
usually  sea  level. Performance variakles thw treated are referred t o  
a8 "corrected" o r  "generalized" performance, examples of which are 

purpose of the  factor 6 ie t o  correct  for the effect of ambient pre8 - 
sure on the  density of the engine air ,  and the purpose of the  factor 8 
is t o  correct f o r  the effect of teslperature on t he  Mach numibers through- 
out the engine f o r  eaoh rotor speed.. Definitions of the  factors 6 and 
8 ,  together with a oomplete liEt of corrected performance variables, m e  

# .  - corrected. e n e . e  speed IT/@ correc td  net -t FJS. The 

h 



2 NACA RM E5lJl5 

given in  the &ppendix. One derivation of these  comwted performance 
variables which uti l izes the ooncept of flow similmity is presentd 
in  reference 1. 

In  order to  indicate  deviation8 in  perfonnance varlatione  with 
altitude mng a number  of turbojet engines and the c m e s  of these 
deviations,  thereby t o  provide a better understant5ing of the  effect of 
altitude on turbojet engine  performance, data ob%ined f r o m  investiga- 
tions of several'.axial- and centrifugal-flow engines at the MCA Lewis 
laboratory  during  the last eeveral yeaxa are aummrized i n  this report. 
Diecrepancies between actual engine performance a t   a l t i tude  and altitude 
performance predicted fram sea-level data &e- cr i t icalw- examined f o r -  
the various engines and-the remone f o r  them .1 ........... discrepancies " ". ..... "" are traced 
to  particular engine ccmgonents. In  addition,  the pronounced effect of" 
differencee in  campressor characterietics fr& one engine t o  another on 
the rata of thmat decay or variation of laaxhum corrected engine t-t 
with alt i tude is aleo examined.  Data thus presented herein include cam- 
ponmt and over-all engine performance obtained. In t h e  alt i tude wind 
tunnel and an alt i tude  teet  ch6gber, and compressor  performance obtained 
in  campressor installatione. 

APPARATUS 

A l t i t u d e  wind tunnel. . -  The alt i tude wind .tunnel  in. which s m e  of 
the engines were Investigated is a closed-circuit  return-type t m e l  
circulax in  cross  section-with a teat  section 20 feet  in diameter and 
40 feet  long. A u x i L k c q  tunnel  equ9Wnt,  including  exhawters, 
refrigeration system, and drive motor a d  fan, are used t o  elmulate alti- 
tude f l ight  conditione. sines being  investigated are generally mounted 
in  a  fuselage or nacelle  (fig. l), which is connected t o  a six-ccanponent 
scale syetem by meane  of trunnions a t  either side of' the teat  section. 

Because it iE1 deeirable to elmLilate flight Mach numbers greater 
than those obtainable w i t h  the  tunnel fan, dry refrigerated air f r c a n  
the  tunnel make-up air syatem fs introduced through a duct  to the engine 
inlet .  !This a b  is throttled from approximately sea-level preesure t o  
the  desired  total  pressure a t  the engine inlet  nhile the s t a t i c  preesure 
in   the  tes t  eemtion of the tunnel k maintained at the des,ired. alt i tude 
condition. W i t h  thh operating technique, the test-eection pressure can 
be reduced t o  correspond t o  altitudes aa high as 50,000 fee t  while the 
simulated flight Mach  number is varied fram zero t o  approximately 1.0. 
By the use of either electric  heatere or refrigiwation  coils  installed 
in  the make-up air system, the  engine-inlet tamperatme can be vsried 
from 150° t o  -30' B. 

Altitude chaniber. - 'phe alt i tude chamber in which some of the 
engines were investigated is 10 feet   in  diameter and 60 fee t  long. For 
centrifugal-flaw-englne inetallatioq,  the chamber is divided . . . . .  into . two 
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4 sections, an inlet  section and an exhauet section,  separated by a s tee l  
bulkhead located at  the rear of the engine. For aid-flow-engine imtal- 
lations, 811 additional bullfhead is inetalled at the engine inlet ,  which 
isolates  the engine motion fram the  inlet  section  (fig. 2 ) .  With this 

CD type of installation, small amounts of air are  bled through a valve in 
m the forward bulkhead and exhausted through &21 openisg in the rear bulk- cu head t o  provide circulation in the engine section. The engines are 
cu 

mounted on the  trunnions of a th-ruet-meamring bed with the t a i l  pipe of 
the engines  extending through the rear buLlrhead into the exhaust section. 
Freedan of movement for the engine at the bulkhe& i~ provided in  both 
axial and radial  directions. 

Air at ram p r ~ s u r e  Fe supplied t o  the inlet section of the chamber 
through a supply l ine fram the laboratom  air  sptan. The temperature 
of thle air  can be varied from 8 9  to -50° F. In order t o  insure a 
uniform velocity  profile at the engine inlet, the air  fs pmsed throu@;h 
a se t  of honeycaib vanes imta l led   in  the upstream end of the chamber. 
The hot gmes discharged fram the engine are removed from the exhaust 
section of the altitude chamber through a diffusing elbm and 
through two dq-type coolers before entering t h e  laboratory exhaust 
system. 'Ilhe pressure in t he  e-wt section cau be reduced t o  corres- 
pond t o  altitudes as high 88 65,000 feet .  

Cmpressor component inetallations. - In the compressor component 
installations the ccanpressor , which p driven by a variable-f requency 
induction motor th rough a gear box, w a s  mounted damstream of a stag- 
nation chamber (fig. 3) .  Screem w e r e  f itted 5zbo the tank near the 
midsection t o  remove any foreiw particles and t o  insure smooth f Low. 
The in le t  air. passed through a suhmsrged .adjuetable  orifice in t h e  
in le t  ducting,  into the stagnation chamber, and then i n t o  the campressor. 
m e  air 1ea-g the ompressor paised through a collecting chamber ma 
into  the  laboratoq exhawk sgetean. Coqres~or - in l e t  and -outlet  pres- 
8ms were regulated by butterfly t;hrottle 9-Etlvee. 

I 

Inlet  temperature and inlet pressure can be varied over the same 
range a8 in the altitude chamber. The in le t  ducting,  stagnation chamber, 
and the ccGngreseor were imulated  to  mlnimfze heat transfer between the 
working f luid and room air. 

m i n e s  and ccanpressore. - Data obtained w i t h  seven engines and two 
compressors are included in this report. The engines were designated as 

A t o  G; engines A t o  D were axial-f low engines and englnes E to G were  

comgonent Inetallatione were slmilar to those for engines C and F and 
are designated &B such, but were in  stages of development different fram 
t h e  ones uBed in the engines f o r  the complete engine evaluatiom . Com- 
pressor C had only 10 stages, whereaa the ccmlpres~or in engine C had 
11 stages.  Characteristics of the engine components are sumnmized i n  
the f ollarlng table: 

L centrifugal-flow engines. The two compressors operated i n  compressor 

t 
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Engine 

condit iazlf 
sea-level 
at rated 
A i r  flow Turbine Cambustor Com~?rees ar 

(lb/eec) 

B - 85 Single..stage 8 tubular  type' L l - d q e  
8Xial through flow 

c 58 Two-8tage- "" double ann- 11-stage 
axial type  through flow 

D 

double entry E 

73 Single stage 8 tubular't$pe .. ll-sta@;e 

91  Single  atage 9 tubulsc  type single entry G 

90 Single  stage 14 tubular t n e  double entq F 

78 Single- 14 tLih& type 
axial 

through flow centrifugal 

through flow centrifugal 

through flaw centrifugal 

through flow 
. .  . .  

. . . . . . . . . . . . . .. . 

Ccanpreseor 
pressure 

rat io  
at rated 
sea-level 

conditione 
5.1 

4.8 

3 .0  

4 .O 
-. - 

4.0 
-. . . 

4.6 

4.4 

. 
E;: 
0) 
N 

- - " 

. . - . . . I .-  
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For the full-scale engbe investigations,  total and s ta t ic  pressurea 
and indicated  tempratme were memured at the inlet  and outlet af ea,& 
coItWment, except at the turbine W e * ,  where generallg only t h e  t o t a l  
prees,ure was measured. Sketches of survey rakes typical of those 
installed  at aeveml circumferential poeitiolvs at each station in the 
engines are shown in  figure 4. Engine a&r.flow.was determined from 
the compressor-inlet instrumentation on the axial-flow engines and 
with the tail-pipe-outiet  instrumentation on the centrifugal-flow 
engine 8 .  

.. 

.. . . " 
.. . _ .  

For the compressor component installations,  pressure and tempera- 
ture were  measured in  the stagnation chamber t o  determine the  state of 
the inlet air. Compreasor-outlet measurements  were made wlth instru- 
mentation similar to that used i n  the  full-scale engines. Compressor 
a i r  flow was measured by .a submerged adjustable orifice. L3cated-h a 
straight  section of the  inlet  ducting  upst-ag.of the  stagnation 
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When the  engine  performance data were being  obtatned,  the  engine- 
W e t  total  pressure  and  tempemture asd the  exhaust-section  or  tunnel- 
test-section  static  pressure  were  set to correspond  to  the  desired  fU&t 
conditions  for an NACA standard atmosphere,  assuming  complete  free-stream 
ram  pressure  recovery  at  the  engine  inlet. The engine  Bpeed  was  then 
varied from the minimum to maximum value and both qer-all and  component 
performance dgta were  obtained  sfirmltaneously. At  each  rotor  speed  inves- 
tigated in the  compressor  component  installation,  the  inlet-air  tempera- 
ture and pressure  were  &talned  constant esd the  air flow was  varied 
from  the maximum obtainable  with  the  laboratory  air  system  to  the  point 
just  preceding  surge. Surging was detected  audibly and by  obsenrlng 
fluctuations on the  pressure  measuring  masmeters. 

Method8  of  calculating  each of the  performance  variables  presented 
herein  are  discussed in the  appendix. 

RESULTS AND DISCUSSION 

Effects  of  Altitude on Generalized Perfomace 

When  turbojet engine performance  obtained  at several altitudes was 
generalized to standard  sea-level  conditions  by  use  of  the  correction 
factors 6 and 8, it has been  found that data  obtained  at high altitudes 
often  deviate frm those obtained  at lower altitudes. An example of the 
types of deviations  encountered  with  generalized  engine  performance is 
shown in figures 5 to 8, where  performance  data  obtained  at several alti- 
tudes  with an axial- and a centrifugal-flow  engine,  engines B and F, 
respectively,  (references 2 and 3) are  corrected  to  standard  sea-level 
condLtions.-  These  data,  which are typical  of most current axial- and 
centrifugal-flow  engFne  performance,  show  that  application of %he  temper- 
ature and pressure  correction  factors 8 and 6 failed to generuze 
each  variable to a single  curve. As indicated-in  the0e  figures,  the 
effects  of  altitude on the  performance  variables  often  became  apparent 
only above altikdes of 30,000 to 40,oOO feet. It  is  these  secondary 
effects at high  altitudes  which will be of primary  concern in the  suc- 
ceeding discussion. 

I 

With  respect to the  effects of altitude  variations  at EL given.cor- 
rected  engine  speed, an increase in altitude  raised  the  corrected  ne* 

centrifugal-flow  engine (fig. 5). For  the  other  performance  vaziables 
presented, as increase in altitude  resulted i n  a decrease in corrected 

(fig. 7), and an increase in corrected  turbine-outlet  temperature ( f ig .  8) 
for both engines. - For- a full understanding of the  basic  causes of these 

.a thrust of the axial-flow engine and reduced  the  corrected  thrust of the 

. air  flow  (fig. 61, an increase in corrected  specific  fuel  consumption 
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altitude  effects, it-becomes  necessary t o  trace  the  effects t o  their  
origin by examining the altitude p e r f o r e c e  of. each  engfne component. 

Effect of Inlet  Conditions on Component Performance 

Generalized data are presented showing the performance of each com- 
ponent over a range of i-t conditions in  order  to  isolate  the comgonents 
affected by altitude. For each component, data f o r  a number of engines 
were selected  to  6hw  that  the  trends are.typical of current engines. 

Compressor. - The typical  effect of altitude on compressor  perform- 
ance characteristics is i l lustrated in figure 9, in which  performaace 
maps are presented at. two Mfe ren t  compressor-inlet total pressures f o r  
the axial and centrifugal compressors of engines C and F operated 
in  compressor component installations: The effect of in le t  pressure 
on the  variation o f  .compressor pressure r a t i o  with  corrected air  
flow is shown f o r  both compressors a t  three  .corrected compressor 
speeds with  constant-efficiency  contours superimposed. The reduction 
in   i n l e t  pressure shifted  the constant compressor  speed lines and 
efficiency contours .as .shown in-the figure,.Unpublished data  further 
indicate that the peak efficiency of  these compressors decreased 
as  inlet  pressure was reduced. . . . . ..- . . . 

" 

. .. . .. . .  . 
- . . .  

. -1,y7- ."", ~ " . - . - -  - . .  . .  .. . 

In  order t o  indicate  further  effects of inlet  pressure and to  show 
the  effect of in le t  .temperature, variations of compressor efficiency and 
corrected air flow WLth in le t  t o t a l  pressure are shown i n  figure 10 f o r  
engine A (reference 4 )  a t  a constant  corrected canpressor speed, pressure 
ratio, a d  two Fnlektotal  temperatures. Lowering either  the  inlet  pres- 
SLUE or  raising  the  inlet temperature resulted in  reductions i n  both - 

efficiency and corrected aix flow. 

It has been found that these  effects of a l t i t u d e  or inlet  pressure 
and temperature on campressor  performance can be traced to an effect of 
Reynolds  number on flow through c q r e s e ~ e ,  as  discussed in  reference-4. 
These effects on performance are introduced by- the &if%- in- -fiow trans- 
i t ion region on canpressor blades with variation in Reynold8 n W e r  in a 
similar manner t o  the w e l l  -established  shift in fl6w transition  region 
on isolated  airfoils. The effect of t h i s  sh i f t  Fn flow traneition  region 
with reduced  Reynolds number was t o  reduce the air f l o w  handling capacfty 
and efficiency a t  a -given corrected speed and pressure  ratio in  the manner 
i l lustrated  in  f igures 9 asd 10 f o r  reductlolls Fn M e t  pressure and 
increases in in le t  temperature. . 

.. 

The association cd Reynolds number with  these  effects i s  further 
i l lustrated by a correlation of the compressor  performance of engine A 
with Reynolds IYrmber index, as shown in  figure ll for three  corrected 
compressor  speeds. For convenience, the parameter Reynolds number index 
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i s  used in  place of  Reynolds number because of the  difficulty in select- 
ing corresponding dFmensions on which t o  base Reynolds nmiber f o r  use i n  
comparing axial- and centrifugal-flow campressors. The relation between 
Reynolds number index and  Reynolds  number, as developed in reference 5, 
i s  included in  the appendix. D a t a  f o r  each speed  were obtained a t  two 
widely different  values of inlet  tenperatme;  inlet  pressures were selec- 
ted f o r  each temperature such that Reynolds number index remained con- 
staSt. Although the independent variations of in le t  temperature and 
pressure shown in figure 10 had a marked effect on performance, selecting 
the conhination of inlet pressure and temperature so as t o  maintain 
Reynolds  nmiber index constant  resulted in  satisfactory  correlation of 
the  data. This correlation i s  typical of that illustrated by addi t ional  
data included in reference 4 f o r  a wide range of  inlet  pressures. 

4 

Variation of corrected air flow and efficiency  with Reynolds number 
index is shown i n  figure 1 2  f o r  five campressors (A, reference 6; C, ref- 
erence 7; D, reference 8; E, reference 9; and P) operating  -at  rated 
corrected compressor speed aSa constant  pressure r a t i o .  The decrease in 
corrected a i r , f l m  and efficiency WBS evident for  each co?q?ressor, although 
the  effect was more pronounced with some compressors than with others. . 
Such a pronounced  Reynolds  nmiber effect on the performance of current 
turbojet colmpressors i s  an important factor  contributing t o  the secondary 

be discussed more fully in a later section. 
1 effects of altitude on over-all engine performance. fchis relation will 

* Turbines. - Any alt i tude  effects on turbine performance might also 
be  exgected t o  or ig inak  from variatfons  in Reynolds number.  Because the 
pressure and temperature, and consequently Reynolds-n-er index, at the 
inlet of  a  turbine  installed i n  an engine vary with engine speed a t  a 
given f l ight  conditi-on, it become6 m o s t  .expedient to  compare the data on 
the basis of engine-inlet total preesure  rather than turbine Reynolds 
number index. 

The effect of ehgine-inlet t o t a l  pressure on the perfo-ce  of the 
turbines in four e w e s  (A, reference u); B; D, reference 11; and F) i s  
sham in figures 13 and 14. In no case was there any effect of inlet 
pressure on the  corrected  turbine gas flow. Turbine efficiencies were 
a l s o  unaffected except that with very low engine-Met  pressures, 181 
and 262 pounds per square foot,  the  efficiencies of turbines B and F 

were reduced by l$ t o  3 percent. A t  these  very low inlet  pressures, 
whfch correspond t o  turbine Reynolds number Fndices in  the  region'of - 

bine.  &cause these  effects were agparent  only a t  engine-inlet  pressures 
which would  be encountered at   al t i tudes  abwe about 50,000 feet,  the  per- 

essentially  unaffected by Reynolds number effects on turbine performance. 

4 0.08 t o  O ; U ,  Reynolds rider effects  are becoming apparent in the  tur- 

. formance of current engines operating up t o  tMs  alt i tude should be 
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Cambustor. - Because  the  exact mechanism of  coribustion in a turbojet 
combustor is not  yet full$ understood, no technique f o r  generalizing  cam- 
bustor  perfommace  is  universally  accepted.  Attempts have been  made  to 
generalize  the  data  by  plotting  combustor  performance,  that  iB  combustion .- 

L .  
. -  _ I 1  I 

efficiency q, and  total-pressure-loss  ratio '2 - '3, as functions  of P, 
corrected  engine  speed N/+2, as in reference 12. One  experimentor 
(reference 13 1 developed a correlation  of  ccmibustor  performance in which 

combustion  efficiency was a function  only  of - P2T2. Others working with . .. . 

combustor  performance  have  emplayed 6tiU different  techniques  which  were 
basically  similar  to  these.  Thus far, however, no technique has been 
found  which will satisfactorily  generalize  the  combustor  performance  of 
a large  number of different  engines. . 

G 
- E  

. - - . c  
t 
C 

v2 - 

.- 

. .  
- 
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Because no satisfactory  generalizing  techn$ques  are known, the  cam- 
bustor  data hereh axe presented to show the  effect  of  altitude  or pres- 
sure on performace, with no attemgt to generalize  the  data.  Combustion " 

efficiency and combustor  total  pressure loss ratio 

as functions of engine-inlet  total  pressure  at  three  corrected  engine 
speeds in figures -15 .ar@ 16, respectively, .for fou r  .engine6 (A, refer- 
ence 12 j B; -C, *Terence 141 aiid F) . A s  engine-inlet  pressure  is  varied 
at a constat corrected-ertgine spe+, the combustor-Fnlet.corrected 
velocity v 2 / 6  and -corrected  temperature T.JQ rematn  essenti- 
constant; any small variations  have a decided  secondary  effect on corn- 
bustor  performance. 

- 

p2 - p3 

'2 
a r e  shown 

. . .  
" 

3 

k?  

" 

.. . - . . .  

The  variation  of  combustion  efficiency with engine  inlet  total  pres- 
sure  (fig. 15) illustrates.  the  characteristic  decrease in efficiency  with 
reductions in both engine  inlet  pressure  and  corrected  engine  speed. As 
shown, the  effects of both  pressure  and  corrected  speed  differ  greatly 
from one engine to another;  little  effect  on  the  ccmibustion  efficiency 
was noted in engine A as compared  with  the other engines.  The  decided 
reductions in efficiency  at  reduced  corrected  speeds  and  inlet  pressures . 
significantly  increase  the  specific fuel consumption  of  anginee  at high 
altitudes. Also, the.large differences ii3. these  effects from one  engine 
to  another  account for sMlar differences i n  specific fuel consumption 
among engine.6..  at high altitudes, although the  sea-level values may  be 
the same. 

. " 

- " 

.. 

. .  

. .. 

. . ~ .  - .LC 
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There-was little  effect of inlet  pressure on the  combustor total- 
pressure-loss  ratio  .(fig. 16). The total-pressure-loss  ratio  decreased 
slightly  as  inlet  pressure  was  reduced,  except  for  engine F, which t 

exhibited  the  opposite  trepd.  These  trends,  ww-ch..in  ea.@.case ampgged . - _I...LI 

to -less  than a 1-percent  reduction .in toh l  pressure, are considered of 
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secondaxy importance, since a combustor total pressure loss of 1 percent 
WLIl reduce the thrust and increase specific  fuel con6rmption by about 
1 percent. Reductions in  corrected speed from the rated m e  t o  80 per- 
cent of rated speed increasd  the t o t a l  pressure loss by as much as 
2 percent in some cases,  although the  pressure-loss ratio of engine B 
was reduced slightly. These trends with corrected engine speed similarly 
influence the variation of specific fuel consumption with  corrected speed. 

Ekhaust system. - Changes i n  the BWirl angle of the f l o w  lea- the 
turbine wlth engine qperating  condition o r  changes in Reynolds number 
affecting the flow separation from the walls of the tail pipe can affect 
the t o t a l  pressure  losses through the exhaust system. Shce  these t o t a l  
pressure  losses  are  reflected by reductions in jet  thrust,  the  pressure 
loss across  the e h u s t  system  can  be represented in  terms of the r a t i o  
of measured to  theoretical   jet  thrust, where the measured thrust i s  
pbtained from balance-system measurements and the  theoretical thrust is 
based on the  total  pressure, total temperature, and gas flow entering 
the exhaust system. In order to Fndicate whether e w e   o p e r a t a  con- 
ditions o r  Reynolds  nmiber affected  the flow through the exhaust system 
of the engine, the  ratio of measured t o  theoretical  Jet  thrust w a s  
plotted  as a Rznction of pressure  ratio  across  the e i k u s t  system f o r  
two engines (A and. C) at several  &lent  pressures  (fig. 17 ) .  These 
data cover a wlde range of engine operating  conditions,  including =TI- 
ations i n  both altitude and engine speed. Although the  scatter of the 
data was fairly  large,  there were no evident trends of j e t  thrust ra t io  
with ambient pressme; consequently, it i s  concluded that the flow tplrough 
the exhaust system was unaf'fected by engine operating  condition or  
Reynolds  nutiber . 

Effect of C q r e s s o r  and Conibustor an 

Generalized Ehgine Performance 

The c q r e s s o r  and combustor  were shown to  be the only conrponents 
which had significant performance variations over a wide range of alti- 
tudes. The  manner in wh ich  these coruponent,performance variations axe 
reflected in the mer-all engine performance are next considered. 

The shift in conq?ressor operating point with altitude f o r  a given 
comgressor Mach number is developed i n  figures  18 and 19  f o r  an axial- 
and a centrimgal-flow cmrpressor' (engines B and F, respectFveu)'. me 
shif t  i n  campressor corrected speed l ine with altitude, Khich was p r e  
viously  discussed, i s  shown in  figures 18(a) and =(a). 

A comgressor. being run in an engine will operate a t  on ly  one pres- 
~ u r e  ra t io  and air flow f o r  any given speed  and altitude; consequently, 
as the engine speed is  varied  the conpressor operates  along an operating 
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l ine whLch passes through the corapressor-characteristic map. With an 
increase in  alt i tude,   the operating lines f o r b o t h  com-preersore ehlftad 
t o  higher pressure  ratios .at a given corrected & flow (figs. 18(b) 
and (19(b)) .  This upward shift Fn the operating lines results from the 
reduction in ccanpressor efficiency  at  altitude; more power from the tur- , 

bine  per pound of air  flow i s  then  required t o  drive  the compressor. The 
interaction of the  conpres&r,  turbine, and fixed-&ea  exhaust  nozzle . 
resulting from t h i s  increased demEbnd on the t ~ b i n e  requires that the can- 
pressor  pressure r a t i o  a t  any given corrected air flow be increased t o  
matutain an equilibrium operating  condition. 
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Superimposing the corrected campressor  speed  and operatjag  lines 
for each compressor (figs. 18 (c) and 19 (c) ) gave the  operating points at  
sea level .  A and a t  an altitude. of 50,0& Xeet . B. Tiie axial-flow com- 
pressor  qperated along the steep  portion of the colqpreseor corrected 
speed line. Consequently the upward shift of the operating l ine combined 
with the sh i f t  i n  the  corrected speed l ine as  the  altitude was increased 
moved the colqpressor operating  point t o  a higher  pressure rat io  and lower - 

corrected air flow. The centrifugal-fl&"&oqreisor, on-the other  band, 
operated on the more nearly  horizontal  porti&of  the coiqjressor corrected " 

speed line. Because  of this characteristic, the.downward Bhift i n  the 
corrected speed line  with  increased  altitude more than offset the'qwaiTi 
sh i f t   i n  operating  line with  the result that both the air f low and pres- 
sure r a t io   a t  the operating poi&  were reduced by an increase in altitude. 
These shifts i n  compressor operat--point- with an 'accompanying reduction 
in  compressor efficiency a t  high altitude  are  reflected in the over-all 
engine performance. . .  

" 

The effects of  these changes i n  canpressor qperatiq point, xith.  
attendant changes in'  turbine  operating  point, and- the  reductions in com- 
bustion  efficiency a t  altitude on over-all performance of both an &&I" 
and a centrifugal-flow engine we  i l luatrated in figures 20 t o  23. These 
figures  present  the p-y performance variables of engines B and F as 
functions of Reynolds nuniber index for constant  corrected engine speeds 
and flight Mach nmibers. The performance variables  include the corrected " "- : 
j e t  thrust parameter, the corrected air flar, the.  corrected  turbine- 
outlet to ta l  temperature, and carrected  fuel flow. Eachvariable i s  
presented as the ratio of tihe corrected  altitude value t o  the  value at 
sea level. 

. 

- -> 

. .  
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" 
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As alt i tude was increased and the Reynolds nuniber index reduced, the 
corrected jet thrust parameter was increased f o r  the axial-flow engine 
and; except a t  m e  cpnqitim, w-as reduced f o r  the centrifugal-f low engine 
( f ig .  201, although the  corrected air' f low (fig. 21) w&s reduced f o r  both 

% 

engines. The shift; i n  oper&thng point of the axial-flow compressor t0 a 
higher pressure  ratio  as shorn- i n  figure 18(c)  &.the  reduction in  e f f i -  .., . 

ctency were reflected in aa ' increase . in turbinq-outlet t o t a l  temgerature 
a t  reduced  Reynolds  nmiber indices (figs. 22(a) to '  EZ(c)), which was 

- .  - 
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accompwed by an increase  in  turbine-artlet  total  pressure.  These 
increases  with  altitude  more  than  offset  the  reduced  air  flow  with  the 
resulting  rise in corrected  jet  thrust  parameter.  The shift in opera- 
ting  point  of  the  centrifugal-flow  ccmqrressor  to. a lower  pressure  ratio 
(fig. 19 (c) ), In amtion to the  reduced  efficiency  (fig. 1 2 1 ,  resulted 
in an increase in corrected  turbine-outlet  temperature  only  at  very low 
Reynolds n&er indices  for the two lower  engine  -speeds  (figs. 22 (e) and 
22(f 1) and a decrease in turbine-outlet.  total  pressure  at  each  speed. 
The cod~ined reduction  in  corrected a i r  flow and  turbine-outlet  total 
pressure  offset  the  rise in turbihe-outlet  temperature,  which  thereby' 
accounts far the drop in corrected  jet  thrust  parameter  of this engine 

. at high altitudes. . .. 

The  decreases in both conpressor and conibustion  efficiency  resulted - 

in the increase in corrected  fuel flow at low Reynolds number  indices 
for both engines  (fig. 23). The  majority of this  increase in corrected 
fuel flow  resulted  from rhced codustion efficiency.  Analysis of the 
data  indicated  that  adJusting  the  fuel  flows  to unity cdustion effi- 
ciency  for a l l  conditions  greatly  reduced  the  severity  of the corrected 
fuel  flow  vasiation d t h  Reynol&  nuniber  index. In one  case,  rated 
speed  with  the  centrifugal-flow  engine,  the  corrected  fuel flow adjusted ' 

to unity combustion  efficiency  actually  decreased  with  decreasing  Reynolds 
4 rider index. This reduction  resulted  from  the  reduced  corrected  air flow 

and  constant  turbine-outlet  tezlq?erature for that  operating  condition. 

r . .  

- The  variation  of  generalized  performance with altitude  or  Reynolds 
nzrmber  index  for  other  current axial- and  centrifugal-flow  turbojet 
engines bas been sho- elsewhere  (references 2, 3, and 15 to 18) to 
exhibit  trends similar to  those sham f o r  engines B knd F. Therefore, 
although the  ma.gnitude  of  the  variations  differ from one  engine  to 
another,  and in one  case between tu0 engines  of  the  same design (refer- 
ence 31, the  trends Uustrated here  are.  typical. 

Conq?arison of Corrected Engine speed and Reynolds number 
Effects on Altitude  Performance 

An effect  of  altitude w h i c h  is  generally overlooked in discussing 
performance  of  isolated  turbojet  engines  is  the diffepnce in performance 
variations,  primarily,  corrected thrust, with corrected  engine  speed  from 
one  engine  to  another. Such differences in the  slope  of  the  corrected 

magnitude to  completely overshadow the  Reynolds  nmiber  effects. 
m net  thrust  curve  plotted  against  corrected  engine speed is  often  of  mzch 

. These  dlfferences are illustrated  by  the  variation of corrected  net 
thrust  with.corrected  engine  speed,  shown in figure 24 for  centrifugal- 
flar engine F and axial-flow engine B, the two engines  for w h i c h  perform- 
&ce data w e r e  presen%ed in figrzlzs 5 .to 8. The  corrected  thrust  is 
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presented as a fraction of sea-level thrust a t   ra ted speed and the cor- 
rected speed I s  presented  as  a  fraction of rated speed.  Consequently, 
the  sea-level thrust ratio f o r  bo th  engines is unity at  rated  corrected 
engine speed. The corrected thrusts a t  sea level and a t  an altitude of 
50,000 feet  are shown for engines F and B at- fy-@t Mach nlrmbers of 0.67 
and 0.62, respectively. This mall. difference in  flight Mach  nuzriber has 
an insignificant  effect on the  s1q.e of the curves. As altitude is  
increased with an attendant  reduction in ambient air  temperature, the 
corrected speed and corrected  thrust  increase, uritil at  an altitude of 
50,000 feet  the  corrected  speed.ratio i s  1.14 when the engines are oper- 
ating  at  rated speed. A predicted  corrected t m t  at   ra ted speed and 
based on sea-level &&a is-indicated  at  "bhis"operating point on the  sea- 
level curve. Because  of the Reynolds  nmiber effects  previously  discus~ed, 
the thrust curve for an altitude of 50,000 feet  ig displaced as s h m  and 
the  -actual thrust available occurred at   sl ightly  leas than  the  rated speed 
condition for both  engines,  because of the  turbine-temperature limitations. 

It i s  apparent from these  data  that  at an altitude of 50,oOO feet  
both the  actual and predicted  corrected  thrust of the  centrifugal-flow 
engine reached a considerably  higher  percent of sea-level t b s t  than 
fo r  the axial-flow engine. Ln the succeeding discussion,  the magnitude 
of these  differences i n  the ratio of corrected  altitude thrust t o  sea- 
level thrust will be compared ui th  the magnLtu.de  of the Reynolds number 
effect on nmrimm thrust   at   al t i tude.  

Reynolds nrrmber effects. - The reduction in engine speed required 
as  altitude was increased t0 a d d  excessi+& t ~ b i l i e  tenQeratures i s  
shown in figure 25(a) f o r  five  engbes (A, B, C, G, and F).  I n  each 
case the  temperature-limited speed was restricted below the rated epeed 
as altitude ms increased; the reduction was 1 t o  10 percent  for  the five 
engines a t  an altitude of 45,OOO feet. The attendant  variation Ln maxf- 
mum thrust w i t h  altitude compared with  the  value  predicted from sea-level 
data i s  shaWn in figure 25(b). For each engine,  except engine B, %he 
maxim thrust f e l l  -below the  predicted value and, a t  an altitude of 
45,000 feet,  varied from 1/2  percent above t o  as much as 14  gercent below 
the  predicted  value. The opposite trend for  engine B resulted from the 
upward shift in the  corrected  thrust c m e  with increased  altitude  sham 
i n  figure 24(b), which  more than comgensated f o r  the  effect of the reduc- 
tion i n  maximum speed. 'Differences in  magnitude of the  trends among 
engines were dependent on the .qmut the a i r  flow w-as affected by speed 
reductions and the metnner in uhich the- compressor operating poin t  was 
ahifted by the Reynolds nuniber effects. 

Variation of the ratio of actual to predicted  specific  fuel con- 
sumption with altitude i s  shown in  f igure 25(c) for  the same conditions. 
%cause of reductions in  both compressor efficiency and ccmibuetion eff i -  
ciency, the  specific  fuel consumption of each engine,.except engine A, 
increased a t  high altitudes above the  predictedvalue. W i t h  this excep- 
t ion,  the  specific  fuel consumption a t  an altitude of 45,000 feet  was 
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3 t o  20 percent higher thext the predicted  values. The reduction Fn ape- 
c i f ic   fuel  consumption f o r  engine A resulted  primarily from the  fact that 
the colqpressor operated at  a considerably  higher  efficiency at   the reduced 
speed at   a l t i tude than that  predfcted from sea-level data fo r  rated speed 
aperation. 

* 

N w 
a N 

It might be expect& that use of a  variable-area e a u s t  nozzle, 
which permits  aperation at rated speed and limiting  turbine temperature 
a t  a l l  altitudes, would reduce or-ellminate t h i s  difference between 
actual and predicted thrust .at  altitude. In order t o  explore th i s  pos- 
sibility,  variation with altitude of the  ratio of mnxirmlm thrust with a 
variable-area nozzle t o  maximum obtainable thrust with a fixed-area noz- 
zle is shown f o r  the  five engines in figure  26(a). Exhaust-nozzle vel- 
ocity  coefficients of the fixed- and variable-mea  nozzles were a s d  
equal. These data   indicate   l i t t le  or  no gain inmaxbmm thrust at alti- 
kde by use of the  miable-area nozzle, except for engine C, which 

- gained 4 percent i n  thrus t   a t  an altitude of 45,000 feet. Analysis of 
the performance of t h i s  engine indicated that at a higher flight Mach 
nuuiber,  comgarable with that of the other engines, most of t h i s  gain 
would vanish. Comparison of the  specific  fuel cons-tions in figure 26(b) 
shms that f o r  a l l  but one engine the  specific fuel consungition at  high 
altitudes was higher fo r  rated speed operation at   l imit ing tenrgerztture 

.) than a t  the  tenperatme-umited speed with a fixed nozzle. 

These trends can be expMned by use of f i&e 27 which presents  the 
va;rfation of corrected air flow a,nd compressor efficiency w t t h  corrected 
engine speed f o r  each engine at high altitude. The temperatuze-l&nited 
speed of each engine i s  indicated on the  figure by t icks on the ' curves 
and the common value of raked speed i s  indicated by the  vertical  line. . 
Although the air flow f o r  each engine rose s l i @ t l y  with the  increase 
from temperature-limited speed t o  rated speed (fig. 25(a) ), the c-res- 
sor efficiency was reduced because the engines were operating on the 
negative slope of the campressor efficiency curves. The consequent 
reduction i n  compressor efficiency f o r  operation in t h i s  re on resulted 
in a  decrease in  htal pressure  ratio  across the engine Psi. In most 
cases, t h i s  decrease i n  engine pressure r a t i o  nearly offset the increase 
i n  air flow  thereby resulting in  l i t t le  or no Fncrease i n  thrust end a 
r ise  i n  specific fuel consuqtion (fig. 26). 

When the added weight, colqplication, and possible lower velocity 
coefficients of the miable-area nozzle as carpared with those of  a 
fixed-area  nozzle  are considered, there fs no apparent advantage i n  using 
a  variable-area nozzle t o  permit  operation a t  rated engine speed a t  alti- . 
tude. ActWy,  the  variable-area nozzle muid be detrimental i n  some 
cases, because of the rise i n  spe-ic fuel  consumption. 

.% 

- 
Corrected  engine Bpeed effects. - Consideration will next be given 

to  the  effeCt of corrected engine speed on the  corrected performance at  
' altitude and the magnitude of differences fn  t h i s  effect from one engine 
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t o  another as  cowared xi th  the Reynolds ntmiber effects. In  order t o  
isolate  the  corrected speed effect,  the variation w i t h  altitude of the 
rat io  of maximum,corrected net tbrust predicted at   a l t i tude t o  sea-level 
thrust at   ra ted speed i s  shown in figure 28(a). These data  illustrate 
the bcrease -of t h i s  .corrected  net  thrust.  ratiQ with .altitude @a corrected ... . 

engine  speed was increased-by  the  reduction i n  ambient air temperature. 
As shown, the thrust ra t io  f o r  centrifQal-flow engines F and G increased 
t o  s l i gh t ly  over 1.70 above the .tropopause as comared  Kith approximately 
1.35 f o r  ax ia l - f low engines A and B. In:other words, on the  basis of 
'sea-level performance date, i f  the.  s.ea-level,.thrusts o f  these  engines were 
equal, thrust of  .engines F and G abo+ the trqeqpause would be approxi- 
mately 26 percent .higher . t h a n  that of engines A and B. The data fo r  
engine C are not  directly comparable wtth the  other  dakbecause of the 
difference in flight Mach nunher. Emmination of the perforgumce data 
indicated  that  raising  the flight Mach nmiber frm. 0.25 t o  0.60 wduld 
reduce the  thrust r a t i o  o f .  this engine &boy@ the. tropopause by approxi- 
mately 5 percent because o f  differences in slope of the  net -&rust. 
curves. 

. .. .- 

. .  

For each engine the ra t io  of predicted t o  sea-level  specific  fuel 
consumptions decreased up t o  the tropopause (fig. 28(b ) ) ,  except for 
engine A, w h i c h  suffered a severe reduction i n  compressor efficiency at 
high corrected engine speeda. In general,  the  reduction in  specific fuel 
consumption m s  greater f o r  the engine8 having the  greatest rise i n  pr& 
dicted t o  sea-level  thrust ratio with a n .  increase jn altitude.. 

C o m b i n i n g  the .Reynolds number effect shown in figure 25(b) with the 
corrected speed effect  (fig. 28( a) 1, t o  give.  the r a t i o  o f  corrected maxi- 
mum net  thrust a t  altitude t o  sea-level  net  thrust at rated speed, results 
in the trends sham i n  figme 29 (a). A t  an altitude of 45,000 feet  the 
thrust ratios f o r  the axial-flm enginea f e l l  between 1.23 to- 1.34 8 8  
compared with 1.53 t o  1 .61 for the mntrffugal-flow engines. Corres- 
pondingly, i f  all engines had .the same thrust at sea level, the 
centrifugal-flow engines would give 14 t o  Sl percent more thrust at an 
altitude of 45,000 feet  than the axial-flow engines.. 

The rat io  of actual  to sea-level  specific  fuel consumption  remained 
essentially constant up to an a l t i tude-of  about- 30,000 feet   for the axial- 
flaw enghes and decreased rather  rapidly-  for  the centrifugal-flow engines . . .. 

( f i g  . 29 (b } ) . Above this altitude,  the  qiecif i c   fue l .  cokwnption  -increased 
very markedly for  the  centrifugal-flow engines and  more gradually for  .the 
axial-flow englnes. This increase. was mainly due t o  reduced  compressor 
and  combustor efficiencies. 

. - .," .. .. - ..," . .. " .. . . .  "- 

The difference-s i n  the  trends of the thrust ra t io  between the axial- 
and centrlfugal-flow.engines is  not inherent, Fn the  respective compressor 
types, but  i s  .associated with the  relative air flow per unit flow area of 
the c ~ r e s s o r s  when they are operated a t  rated  corrected speed and above. 

. .  
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!&is ccm~arison is  illustrated  by  the  corrected air flow and comgressor 
efficiency shown for  each  of -t;he five engines in figure 27. These  data 
show that  the  corrected  air flow for the  centrifugd-flaw engines con- 
tinued  to  increase mre rapidly than that  for  the axial.-.flow engines 
above  rated  corrected  speed,  which  accounts  for a mall portion of the 
difference in the  ratio o f  altitude to sea-level "ut. The  difference 
in a l r  flaw characteristics  results from the  fact  that  the  axlal-flaw 
co-ressors,  partL,culaxly  t@oBe of engines A asd B, had a very high air 
flaw per unit mea and were  near choking Fn the  early  stages  at rated 
speed,  whereas  the  compressors of engines F and G were  s t i l l  operating 
below  the  choked  conditidn at e h i s  speed. 

c 

The manner in w h i c h  differences in conpressor  characteristics among 
the engines,& associated interactions  of  the other ccnnponents  a?fect 
the total pressure  ratio Pq/PI and total  terapemture  ratio T4/Tl 
across these .engines is ShaJn Fn figure io. As Uustrated, the  engine 
pressure  ratios  rose  considerably m o r e  rapidly  above  rated  corrected 
speed  for  the  centrifugal-flm engines than for  the exid-flaw engines. 
Although there was no consistent  trend in  engine tempram ratio  with 
engine  type,  the  effect of t h i s  variable on thrust is  considerably less 
thas that of engine pressure  ratio. It is the summation of these dif- 
ferences in trends from,one engine to another, in addition  to  differences 

the  ratio  of maxhmm altitude  corrected  thrust  to  rated  sea-level m t .  
. in air flow characteristics, which account  for  the  marked'differences in 

It my. therefore be expected  that ari engine  designed  for a high air 
flaw per unit flow area, and  consequently  operat- with the flow restric- 
ted  by  inlet  choking  at  rated  corrected  speed and above, will have a con- 
siderably  lower  thrust.  at high altitude than an engine with  equal  sea- 
level thrust, but designed  for s sufficiently low air flow per unit flaw 
area to permit  operation at rated  corrected speed or above mth the  inlet 
mchoked. This characteristic is an fiqeortsst  consideration both in 
engine design and in selection of an engine  for 8 bigb-dtLtude  aircraft. 

The  compressor and the c d & o r  are  the only two engine  components 
found to have  performance  characteristics which were  affected  over a wlde 
range of altitudes. T K O  engines ewbited a slight  decrease in turbine 
efficiency, a d  two had a slight rise b combustor  total-pressure-loss 
ratio at very low engine-inlet  pressure^, corresponafng to fught at ati- 
tudes  above 50,000 feet. The reduction in campressor  efficiency and cor- 
rected air flow with Reynolds mxtiber index and the  reduction in conibustion ' 
efficiency  with  reduced  altitr@e  pressure  are  the  factors  which  result in 
failure of engine.perfomce to generalize for a l l  altitudes and W c h  
therefore  have a detrimental  effect on the  altitude  performance  of  turbo- 
jet  engines. In general,  the  effect  is to increase  the  turbine-outlet 

- 
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temperatme at  rated engine speed 8 s  the  altitude i s  raised;  a speed 
reduction i s  thus  required t o  avoid  exceeafsg -the tuk-bine tenperatwe 
U t .  The attendant  reductions i n  congressor efficiency and corrected 
aFr f l a r . a t  reduced  Reynolds number indices rkduce the thrust below the 
value predicted from a sea-level performance calibration. Also, the 
combined effects of reduced comgressor and combustor efficiencies  at  
high altitudes  result in an appreciable  increase i n  specific  fuel con- 
smgtion above the predicted values. 

An altitude  effect which was f o m  t o  be of considerably greater 
Importance than  the  effect of Reynold8  n-er Fndex-was"the corrected 
engine speed effect. It was found that the  rate of fncrease i n  corrected 
net  thrust with correcte$- engine speed, and consequently the  rate of 
thrust decay with altitude,  differed consid3rabl.y from one engine to 
another. . When the  five engines discussed were a66~md t o  have equal 
thrusts   a t  sea levei,  the maximmi thrust a t  an altitude of 45,000 feet  
differed from one engine t o  another by as much ae 26 percent because of 
the  corrected en@;ine-speed effect  done. The  combined corrected engine 
speed effect and  Reynolds n . e r  effects  resulted in  differences i n  max- 
imum thrust a t  this altitude of as much -as 31 percent between the  engines 
having the  highest and lowest thrusts. The Zorrected engine speed effect 
i s  attributable t o  the compressor a i r  flow and efficiency  characteristic^ 
and attendant  interaction of the  other ccmponents.. The engines with com- 
pressors designed t o  handle a high air flow per unit flow area, and which 
consequently have some of the  stages choked a t  high e a n e  speeds, cab- 
ited a more rapid  thrust decay w i t h  altitude than those designed for 
lower air flows. It i s  therefore i a p o r t a n t  that these  characterietica 
be considered when the Fnitid des$@ criteria  for an engine and com- 
pressor  are being established. Furthermore, when an engine i s  selected 
for a specific mission, the -choice  should be based on the performance 
a t  design altitude rather than on the  sea-level  rated  thrust and specific 
fuel consumption. " -. 

. . .  . 

. .  

Lewis Flight Propulsion Laboratory 
National Advisory Canrmittee for Aeronautics 
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APPEmDM - ~ i x . L m m T I O r n  

Symbols 

Tbe foUawin@; sp&ols are used in t h i s  report: 

cross-sectional  area, eq ft 

thrust scale or thrust diqhragm readLng, lb 

ex te rna l  d r a g  of installation, lb 

diameter, ft 

j e t  tbrust, lb 

net thrus5, Ib 

fuel-air  ratio 

acceleration  due to gravity; 32.2 ft/sec2 

t o t a l  enthalpy,  Btu/lb 

enthalpy of fuel components in products of cmibustion, B t u / l b  

lower heating value of fuel, B t u / l b  

Mach  nmiber 

engine speed, r p m  

t o t a l  pressure, lb/sq f t  absolute 

static pressure, lb/sq ft absolu- 

un iversa l  -6- constant, 53.4 f t-lb/ (Ib 1 ( S i )  

Reynolds nuniber 

t o m  temperature, 91 

indicated  temperature, ?R 

static temperature, OR 

velocity, ft/sec 
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, 

fuel flow, lb/br . . - . . . - 

gas flow, lb/sec * 

ratio of specific  heats  for  gases 

ratio of engine inlet &solute  total  pressure  to  absolute t o t a l  VI 
pressure of NACA s t m d a r d  atmosphere  at 688 level . . .- "rL 

efficiency - - -. "" " 

8 
ratio of engine  inlet  absolute total temperature to absolute  total 
temperature  of NACA standard  atmosphere  at  sea level 

. .  

" " 

absolute ~scosity, slugs/ft  8ec __ 

deneity,  slugs/cu ft " -. 

ratio  of air absolute viscosity  at-  engine-inlet total temperature 
to air  absolube .viscosity at t o t a l  temperature of NACA standard 
atmosphere  at  sea level L 

. -  

.. " 

Subscrigts: . .  .. 

0 free  stream 

I engine M e t  

2 campressor  outlet 

3 turbine M e t  . 

4 turbine outlet 

5 tail-pipe  nozzle  outlet 

a air 

b cornustor 

C compressor 

e engine 

f . fuel 

.. . " .. " 
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8 tail-pipe seal ~t bulkhead 

t turbine 

X inlet  auct  at slip joint 

Generalized Performance Variables 

The generalized engine performance variables wed in this  report 
axe defined &s follows : 

19 

Methods of Calculation 

T o t a l  temperature. - T o t a l  temperatures were calculated from the 
indicated  temperatures, using a thermocouple recovwy factor of 0.85, 
and the values of pressure-and r a t i a  of' specific heats at the respective 
B t a t  ions in  the engines. 
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A i r  flow. - For the axial-f low engines, the . air f loy wa8 calculated 
Pram pressure and tamperature memuraments obtahed a t  t h e  engine inlet " - 

I r 

Iche same expression xae wed f o r  calculating  the centrifugal 
air fluwe with the tgil-pipe  outlet measurements (station S) 
i n  place of the engine inlet.  values. . . .. . .  

Turbine efficiency. - Turbfne efficiency WBB calculated 
equation : ." . .  

where 7c ia -the r a t i o  of specific heats corresponding t o  the average 
t o t a l  temperature of the -air f lar ing through the compressor. 

T4 
T3 

1" 

9 t  = 7+, -1 ( 5 )  

&ere yt ~ E I  the r a t i o  of specific heats corresponding t o  the averaQe 
t o t a l  teIr.tperaturs af the gm flaring t h r o u e  the  turbine. To obtain 
turbine-inlet  temperature,  the enthalpy at the turbine i n l e t  waa calcu- 
lated from $he turbine-outlet temperature and ompressor temperature 
rise;  cmpressor and turbine work were ass& equal. 

. .. 

- k" . 
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Cambustion efficiency. - Combuetion efficiency was calculate3 f m  
h the enthalpy r i s e  acr06s the cambu&om by the folloxfng equation: 

The enthalpy of the fuel cmponents in the prductls d combustion Eff ,3  
w-as determined Tram the hydrogen-carbon ra t io  of the fuel and the  calcu- 
lated  turbine-inlet temperature by the msthd.deecribed in reference 19. 

Thrust. - For engines Lmtalled i n  the  altitude and tunnel, the 
measured thrmt w m  -determfned. f ram balance scale mea8urements by w e  

, of t he  relatfon 

Because there w e s  no mea8urable external drag or i n i t i a l  mrrmsntum 
for engines inetalled in the altitude chamber, .the measured jet thrust 
WBB deterznined from force maauramants on the thruet diaphr- by the 

" relation . .  . .  . .  

where Pl XBB taken 88 the statio pressure  in  the inlet section of -t;he 
chamber. 

The calculated  jet thrust, xhfch was determfned from pressure and 
temperature measurements at  the  turbine  outlet, waa calculated by the 

Net thrust for each engine was calculated using the measured thruEt 
in the f ollow-lng equation : 

where free-stream  velocity To waa calculated frm engine inlet  t o t a l  

&66~1ming complete free-etraaln ram preslsure recovery a t   the  engine inlet. 
,. pressure Pl and temperature IC1 and free-stream s t a t i c  pressure PO, - 
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h 

Reynolds number I s  not a convenient parameter because maes flow is a . .  

a function not only of the presaure and temperature of the inlet  air, but " " 

is also dependent on two other independent variableg,  corrected engine 
speed and campressor pressure ratio.  A more convenient paramster for 
comidering t h e  effecte of f luid vlecosity ia 

. .  
- . . . . . . 

This parameter is related to the r a t io  af Rey-nol.de number $0. Mach' number 
and its value dep- only on the condition of the air at the engine 
inlet .  In generalizing ewine data, it I s  convenient to w e  6 i n  place 
af P and 8 i n  plaoe of T. When t h e  88rme %aaonhg- that led t o  the 
development of 6 and e IB f o b w e d ,  &other quantity 9 ,  is defined 
=: 
q , =  

" . 

. .. . 
, .  

. .  . _ .  

viscosity at engfne-inlet t0t.d temperature 
viscosity at t o t a l  temperature of NACA standard  sea-level atmosphere - - ." 

(15) 
" 

When the quantities 6, 8 ,  and CP are used i n  equation (14) i n  place of 
P, T,  and- p, respectively, and tihe constants Q, y, and R are omitted, 
the following fomn of' Reynolds n W e r  index is obtained: 

- , -  

- . ." - " . " 

The value of t h i s  Regnolk number index is 1 .O at NACA atandarrd sea-level 
pressure and taperatme. . -. 

-?!. ~. 
. " 
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Air flow 
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(a) Stat io  pressure tube  instrumentation at compressor i n l e t .  

. 
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L 
Alrflar , 

(e )  lot&-preseure t u b  inetrumentation at turbine inlet. 

Figure 4. - Continued. Typioal survey rake installatlone.  
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Figure 4. - Concluded. Typical eurpey rake lnatallaticms. 



5Q 

- 

EtACA RM E51J15 33 



2.4 

2.2 

2.0 

1.8 

1.6 

1.4 

1.2 

34 
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(a) Engine BY~6zrial-flow engine; (b) -ine F, centrifugal-flow engine; 
f l ight  Mach number, 0.62: flight &oh number, 0.67. 

F-e 6 .  - Xffeot of altiGLaae on oorreoted  air flow. 
- .. . . .  

. .  . .. 

i* 
. ." 

. " * .  
. " 

. d- 

- "- 
. - -_ .. . 

(a) -ne E, e x i a ~ " f l n w  englnei (b) Engine F, centrifugal-flou enginej 
flight Mach number, 0.62. flight Mach number, 0 . 6 7 .  . .  

Figure  7 .  - Effect of altitude on corrected epecific fuel coqumgtion. . .  
. 
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Corrected engine speed, percent of rated 

(a) Engine B, axlal-flow engine; (b) wine F, centrifugal-flow engirae; 
flight Irbsch nmber, 0.62 fl ight hhch nmber, 0.67. 

F&urs 8. - Effect ofaltitude on correoted tmbine-outlet  total temperature. 
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(b) C m e o t e B  aL1' flw. .. . . .  

Figure 10. --Variation of ezlal-flcm-acmpessa- perfannrnae with inlet 
conditions. Correoted C-SECW speed arri ccongreseor preeeure ratio, 
constant; e n g b  A. 

(a) Compressor efficiency. 



. 

. 

Figure 12. - Variat ion of exial- and centrif'ugdl f l o w  &Ifpressor per- 
formance with Reynolds number in-. Corrected compressor  speed, 
rated; preseure ratio, Constant. 
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(c) Engine D, axid-flw engFner single-stage turbine. 

.m 
$aglne-inlet 
total preseure 

.50 

. .  

-% .o 2.2 .. . 2.6 . 
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1.4 , .-.. . 1.8 * 
... . .  

3 . 0 .  . . 
Turbine pressure ratio . 

(d) -ne P, centrifugal-flow enginej aingle-stage turbine: - 

Figure 13. - Effect of altitude pressure on correctad  turbine gas. f e .  
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w e - i n l e t  totd preSEWe, pl, lb/Sq ft 

(a) Engine F, centrifugal-flow engine1 tubular combustor. . .  

Figura 15. - Variatlorl of co&u&ion efficiency vi th  englne-lnlct total preasure at con- 
stant corrected engine meed. for  engines havlng tubular end annular co&uatora. 
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(b) Engine B, axlal-flar engine; tub- ccPnbustor. 

.08 

.06 
0 400 1200 

Engine-inlet t o t a l  presaure, PI 

(a) Engine F, CentrWugal-flaW engine; tubular conibustor. 

F i g u r e  16. - Variation of combustor td-zl-pressure-loes ra.tio with enghe-inlet 
t o t a l  pesaure at canstant corrected engine epeeds for englne4 havlng tubular 
ami m m  combustors. 
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(a) Ratio af maximum thrust with variable-area  nozzle to 
m&xfmum thrust with fixed-area  nozzle. 

Altitude, f t  
(b) Ratio af apsc i f ic  fuel  ameumption with  variable-area 
nozzle ta epeclfic fuel. col lp~tion.vlth.f ixed-area nozzle. 

. .  . 

. . " 

Figure 26. - Variation of variable-mea  nozzle- t o  fixed-area noz- 
z l e  performance ratios vith a l t i tude  for . s e v e r a l  wial- +a 
centrifbgal-flow turbo j e t  engines. 
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(a) wine preeeure ra t io .  
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